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Constitutive modelingUnder cyclic loading, elastomeric material exhibits strong inelastic responses such as stress-softening
due to Mullins effect, hysteresis and permanent set. The corresponding inelastic responses are observed
in both dry and swollen rubbers. Moreover, it is observed that inelastic responses depend strongly on the
swelling level. For engineering applications involving the interaction and contact between rubber
components and solvent, the understanding and consideration of swelling are essential pre-requisites
for durability analysis. In this paper, a simple phenomenological model describing Mullins effect in
swollen rubbers under cyclic loading is proposed. More precisely, the proposed model adopts the concept
of evolution of soft domain microstructure with deformation originally proposed by Mullins and Tobin.
The swollen rubbers are obtained by immersing dry ones in solvent until desired degrees of swelling
are achieved. Subsequently, their mechanical responses, in particular Mullins effect, under cyclic loading
are investigated. These experimental data are used to assess the efﬁciency of the proposed model. Results
show that the model agrees qualitatively well with experiments. Furthermore, the model captures well
the fundamental features of strain-induced softening.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Many engineering applications involve the exposure of elasto-
meric components to aggressive solvent, e.g. gasket, seal, o-ring
or drill packer. In these applications, two material degradations
may occur: diffusion of solvent into elastomer leading to swelling
and long term cyclic loading leading to fatigue (Ch’ng et al., 2013).
Therefore, the understanding and consideration of swelling are
essential pre-requisites for durability and performance analysis
of such components.
Similarly to dry elastomers, swollen elastomers show signiﬁ-
cant inelastic responses under cyclic loading: hysteresis, perma-
nent set and stress-softening (Chai et al., 2013a). The hysteresis
corresponds to the amount of energy loss during a cycle and can
be related to either viscoelasticity (Bergström and Boyce, 1998),
viscoplasticity (Lion, 1997) or strain-induced crystallization
(Trabelsi et al., 2003). The permanent set refers to the residual
extension remaining after a material sample is stretched and
released while stress-softening is characterized by the difference
between two successive cycles. Stress softening can be deﬁned as
a loss of stiffness of the elastomers and consequently affects the
elastomers mechanical behavior signiﬁcantly. The stress-softeningin dry rubbers was discovered by Bouasse and Carrière (1903) and
was investigated intensively by Mullins (1948). Hence, it is often
referred to as the ’’Mullins effect’’. Detailed reviews on Mullins
effect are provided in Harwood et al. (1967) and more recently in
Diani et al. (2009). The general features of Mullins effect can be
summarized as below:
1. Stress-softening appears after the ﬁrst loading at strain level
lower than the previously maximum strain attained.
2. When the reloading strain exceeds the previous maximum
strain attained, the stress–strain response approach (in many
cases follow completely) the reference monotonic uniaxial
strain loading.
3. Stress-softening effect increases with the increase in maximum
strain.
The early theory which described the softening phenomenon was
based on the concept of Mullins and coworkers (Mullins and
Tobin, 1957, 1965; Harwood et al., 1966; Harwood and Payne,
1966a,b) who considered that the material consists of two different
phases: hard and soft phases. During deformation, an irreversible
transformation of hard phase into soft phase takes place. Conse-
quently, the volume fraction of the soft phase increases with defor-
mation resulting to the softening of the equilibrium stress–strain
behavior. This concept of hard to soft phase reorganization with
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Beatty and Krishnaswamy, 2000; Johnson and Beatty, 1993). Other
approaches are followed to describe the Mullins effect. Simo
(1987) adopted the concept of Continuum Damage Mechanics
(CDM). In this case, the Mullins effect is considered as an irrevers-
ible damage phenomenon and is described by a scalar damage
parameter. Thus, the material response is characterized by multi-
plying the classical hyperelastic strain energy with a reducing
parameter representing damage level. Different forms of damage
parameter were proposed in the literature (Chagnon et al., 2004;
Ogden and Roxburgh, 1999; Miehe, 1995). Regardless the approach
used, it is to note that the above works focused on the Mullins
effect in dry rubber. Only few studies dealing with the observation
and modeling of Mullins effect in swollen rubbers or gels (Chai
et al., 2013b,a; Andriyana et al., 2012; Chai et al., 2011; Lin et al.,
2010; Webber et al., 2007).
In the present work, a simple phenomenological model captur-
ing the Mullins effect in swollen rubbers under cyclic loading is
proposed. Other inelastic responses such as hysteresis and perma-
nent set are not considered. To this end, the concept of hard-to-soft
phase transition initially proposed by Mullins and Tobin (1957) is
adopted. Moreover, the approach of Qi and Boyce (2004) for Mul-
lins effect is considered and extended in order to account for
swelling.
The paper is organized as follow. In Section 2, experimental pro-
gram and results probing the Mullins effect in swollen rubber are
described. The general framework of the proposed model is pre-
sented in Section 3. The efﬁciency of the model in capturing the
effect of swelling on the softening due to Mullins effect is discussed
in Section 4. Finally, concluding remarks are given in Section 5.2. Experimental program
2.1. Materials
Specially designed diabolo rubber specimens are used in the
present work. The dimension details are given in our previous
study (Ch’ng et al., 2013). It is to note that the middle part of the
specimen has an outer diameter of 25 mm and 6 mm thickness.
The specimens were obtained by molding a commercial grade of
natural rubber with 25 wt% of carbon black and other ingredients
to get 60 shore hardness. Due to conﬁdentiality constraint, detailed
recipes of the elastomer are not provided here. The swollen elasto-
meric specimens were obtained by immersing initially dry ones in
a standard Malaysia on-road petroleum diesel fuel at room tem-
perature until desired swelling levels were achieved. Note that
no standard is followed during the immersion tests. Two swelling
levels were considered: 3% and 8% of volume change. For modeling
purpose, we introduce the degree of swelling, denoted Js, deﬁned
by:
Js ¼
Vs
Vo
ð1Þ
where Vs is the specimen volume after immersion (swollen state)
and Vo is its initial volume (dry state). Js for dry, swollen 3% and
swollen 8% specimens is equal to 1, 1.03 and 1.08 respectively.
2.2. Mechanical testing
In order to investigate the mechanical characteristics of dry and
swollen rubbers, the following mechanical tests were conducted
using a conventional Instron testing machine at room temperature:
1. Monotonic uniaxial extension test.
2. Cyclic uniaxial extension test with increasing maximum strain.In order to avoid excessive increase in the specimen temperature,
the tests were performed at a displacement rate of 0.5 mm/s.
2.3. Experimental results
The material responses under monotonic and cyclic loading
conditions are presented in Fig. 1. In this ﬁgure, stretch is deﬁned
by the ratio between the deformed length and the initial one before
mechanical test. for swollen rubbers. The lower stress level in
swollen rubbers can be attributed to the rubber-solvent interaction
which leads to the decrease in the strength of rubber (George et al.,
1999).
Both dry and swollen rubbers exhibit strong inelastic
responses: stress-softening due to Mullins effect, hysteresis and
permanent set. Stress-softening is characterized by the difference
in stress levels between two successive uploadings, hysteresis is
exhibited by the difference between uploading and unloading
paths while permanent set corresponds to the residual strain when
the specimen is returned to original position during unloading
path. As indicated in Fig. 1, it appears that hysteresis is systemat-
ically smaller as the degree of swelling increases. Similar observa-
tions have been recently made by Chai et al. (2013a).
Under cyclic loading, in particular during the reloading, it
appears that the response of dry rubber does not rejoin the one
of monotonic tensile. According to Chagnon et al. (2004), the above
observation can be attributed to the viscoelastic characteristics of
the material. In the case of swollen rubbers, the viscoelastic effect
is reduced by swelling (Chai et al., 2013a). Hence, their reloading
responses rejoin the corresponding monotonic tensile responses.
Since Mullins effect is the only inelastic response addressed in
the present study, the results of Fig. 1 have to be treated. For this
purpose, the data treatment proposed by Chagnon et al. (2004) is
adopted and summarized below:
1. Only unloading paths are considered and the reloading paths
are assumed to coincide with the downloading paths.
2. The unloading paths are horizontally shifted such that they
start from zero strain (stretch = 1).
3. The shifted unloading paths are extended to rejoin the mono-
tonic primary curve.
The resulting treated experimental data are presented in Fig. 2.
Using this treated data, following the method detailed in
Andriyana et al. (2012), the amount of stress-softening at fourth
and eighth unloading curves is calculated and presented in Fig. 3.
From this ﬁgure, it is observed that the stress-softening decreases
as the degree of swelling increases which is consistent with the
observation made by Andriyana et al. (2012). In the following,
the treated experimental data presented in Fig. 2 will be used to
assess the efﬁciency of the proposed model.
Remark 1. According to Chai et al. (2013b), elastomeric samples
swollen up to 3% and 8% are far from thermodynamic equilibrium.
Thus, solvent distribution across cross-sections of these specimens
is not homogeneous. Being a ﬁrst attempt to account for the effect
of swelling on stress-softening, in the following model develop-
ment we assume that the material is homogeneous. Consequently,
the proposed model provides only a rough estimation of the stress
states undergone by the material.3. Continuum mechanical framework
In this section, the continuum mechanical framework of the
proposed model is discussed. The basic concept of hyperelasticity
in swollen rubber is recalled. The concept of hard-to-soft phase
transition initially proposed by Mullins and Tobin (1957) is
Fig. 1. Monotonic and cyclic tensile experimental results for (a): Js ¼ 1, (b): Js ¼ 1:03 and (c): Js ¼ 1:08. For swollen rubbers, the engineering stress is expressed with respect
to swollen-unstrained state.
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and Boyce (2004) for Mullins effect is considered and extended
to account for swelling level. Finally, a particularization to the case
of uniaxial loading condition is presented.
3.1. Hyperelasticity of swollen rubber
In the following discussion, we postulate swollen rubber as
continuous, isotropic and incompressible. Moreover, in order to
replicate the experimental procedure whereby the rubber is ﬁrst
subjected to isotropic (stress-free) swelling before undergoing
mechanical loading, the total deformation gradient tensor F is split
into two parts:
F ¼ FmFs ¼ J1=3s Fm where det Fm ¼ 1: ð2Þ
In the above expression, Fs and Fm are the deformation gradient ten-
sors associated with swelling and mechanical loading respectively.
In order to describe the stress response, we postulate the existence
of a strain energy function W, deﬁned per unit of volume of
the material in unswollen–unstrained state which depends on the
degree of swelling Js and on the mechanical part of the deformation
gradient tensor Fm as follow:
W ¼ fW ðFÞ ¼ cW ðJs;FmÞ ð3Þ
Considering a purely mechanical process, the second law of
thermodynamics has the form:D ¼ P : _F _W P 0 ð4Þ
which reduces to:
D ¼ J1=3s P
@cW
@Fm

Js
0@ 1A : _Fm ¼ 0 ð5Þ
for a given (constant) degree of swelling Js. In this expression, D is
the internal dissipation and P is the engineering stress tensor with
respect to unswollen–unstrained state of the material. Considering
objectivity, isotropy and incompressibility, it can be shown that the
stress response is given by Holzapfel (2000):
P ¼ qJ1=3s F-Tm þ 2J1=3s
@cW
@I1m
þ I1m @
cW
@I2m
 !
Fm  @
cW
@I2m
FmCm
" #
ð6Þ
where q is an arbitrary scalar (Lagrange multiplier) due to incom-
pressibility assumption which can be determined from the equilib-
rium equations and appropriate boundary conditions. Cm ¼ FTmFm is
the mechanical part of the right Cauchy-Green strain tensor while
I1m and I2m are its invariants deﬁned by:
I1m ¼ trCmI2m ¼ 12 I1m  trC
2
m
 
ð7Þ
The Cauchy stress tensor is simply given by r ¼ ðdetFÞ1PFT which
yields to:
Fig. 2. Treated experimental data for (a): Js ¼ 1, (b): Js ¼ 1:03 and (c): Js ¼ 1:08.
Fig. 3. Stress softening calculated at (a) 4th unloading and (b) 8th unloading.
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@cW
@I1m
þ I1m @
cW
@I2m
 !
Bm  @
cW
@I2m
B2m
" #
ð8Þ
In the case when cW is chosen to depend on the principal mechan-
ical stretches kim, the principal Cauchy stresses ri can be related to
the principal mechanical stretches as follow:ri ¼ qJ1s þ J1s kim
@cW
@I1m
no sum on i ð9ÞWhen dealing with swollen rubbers, it is often more convenient to
express the engineering stress with respect to swollen-unstrained
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using a simple relation below:
bPi ¼ rikim no sum on i ð10Þ
3.2. Extended two-phase model for Mullins effect in swollen rubber
Mullins and Tobin (1957) described ﬁlled-rubber as a two-
phase system containing a hard phase and a soft phase. The strain
is sustained only by the soft phase which percentage increases
with the maximum strain applied to the material. The authors sug-
gested that the irreversible conversion from hard phase to soft
phase is the origin of the softening observed in rubber under cyclic
loading. Since the strain is sustained only by the soft phase, the
local strain in the soft phase is necessarily ampliﬁed over that of
the macroscopic strain. This concept of hard-to-soft phase conver-
sion along with the ampliﬁed strain was recently revisited by Qi
and Boyce (2004) and will be the basis of our proposed model for
the softening in swollen rubber under cyclic loading.
Let vs be the effective volume fraction of the soft phase and Js be
the degree of swelling as deﬁned in Eq. (1). For incompressible iso-
tropic swollen rubber undergoing stress-softening due to Mullins
effect, the strain energy function (per unit of material volume in
unswollen–unstrained state) corresponding to the soft phase has
a form:
W  cW sp Js; Fm;XðvsÞ; vsð Þ ¼ cW sp Js; k1m; k2m;Xðv sÞ; vsð Þ
¼Wsp Js; k1m; k2m; vsð Þ ð11Þ
where X is the ampliﬁcation factor which depends on the soft phase
volume fraction vs. Following Qi and Boyce (2004), the dependence
of X on v s is given by:
X ¼ 1þ 3:5 1 v sð Þ þ 18 1 v sð Þ2 ð12Þ
Considering only mechanical processes and for a given (constant)
degree of swelling, the second law of thermodynamics in Eq. (5)
becomes:
D ¼ J1=3s P
@Wsp
@Fm
 
: _Fm  @Wsp
@v s
_v s P 0 ð13Þ
Using arguments of Coleman and Gurtin (1967), we obtain the fol-
lowing constitutive relations having similar forms to the ones given
in Eqs. (9) and (10):
ri ¼ qJ1s þ J1s kim
@Wsp
@kim
no sum on i
bPi ¼ rikim
ð14Þ
and the remaining dissipation reduces to:
 @Wsp
@v s
_vs P 0: ð15Þ
The above inequality must be respected during deformation. The
form of Wsp and the ﬂow rule _vs describing the increase of soft
phase with deformation are speciﬁed in the Section 4.1.
Remark 2. The proposedmodel does not consider general coupling
problem between diffusion of solvent and mechanical deformation.
Indeed, it focuses on the stress-softening in swollen rubber at a
given (constant) degree of swelling Js. The parameter Js is intro-
duced merely as a means of deﬁning the state of swelling of the
network regardless of whether or not this state is the equilibrium
state with respect to the absorption of liquid. Thus, while the
proposed model is ﬁtted using experimental data of elastomers
swollen at 3% and 8%, it can be used to estimate the stress-softening
in elastomers swollen at other (constant) degrees of swelling.3.3. Special case of uniaxial extension
Without losing generality, we conﬁne the discussion to the case
of uniaxial extension along direction e1. In this case, the tensors Fm
and Bm are given by:
Fm ¼ kme1  e1 þ 1ﬃﬃﬃﬃﬃﬃ
km
p e2  e2 þ e3  e3ð Þ
Bm ¼ k2me1  e1 þ
1
km
e2  e2 þ e3  e3ð Þ
ð16Þ
where km is the mechanical extension ratio deﬁned by the ratio
between the current length of swollen-strained rubber with the
one of swollen-unstrained rubber. Using boundary conditions
r2 ¼ r3 ¼ 0 to obtain the Lagrange multiplier q, the non-zero stres-
ses in Eq. (14) are:
r1 ¼ J1s
@Wsp
@kim
k2im 
1
kim
 
bPi ¼ J1s @Wsp@kim kim  1k2im
 ! ð17Þ4. Results and discussion
In this Section, the form of material functions is speciﬁed. More
precisely, the choice of the strain energy function and the evolution
equation for the soft phase consistent with the second law of ther-
modynamics is described. The strategy to identify material param-
eters is discussed and the efﬁciency of the proposed model is
assessed using treated experimental data in Fig. 2. Finally, the
model behavior under equibiaxial extension and planar extension
is simulated.
4.1. Material functions
In order to capture the stress–strain response of rubber at large
strain, the eight-chainmodel of Arruda andBoyce (1993) is retained.
The corresponding hyperelastic strain energy density is given by:
Wsp ¼ vsld
ﬃﬃﬃﬃ
N
p
Kch;spbþ N ln bsinh b
  	
b ¼ L1 Kch;spﬃﬃﬃﬃ
N
p
  ð18Þ
where L1 is the inverse Langevin function, ld is the shear modulus
of dry rubber, N is the number of chain segments and kch;sp is the
ampliﬁed mechanical chain stretch. The latter is related to the mac-
roscopic mechanical chain stretch kch via (Qi and Boyce, 2004):
kch;sp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X k2ch  1

 þ 1q
kch ¼
ﬃﬃﬃﬃﬃﬃﬃ
I1m
3
r ð19Þ
According to Treloar (1975), swelling in rubber is a purely mixing or
interdiffusion process with no chemical attraction between rubber
and liquid molecules. Furthermore, the only effect of swelling is to
reduce the modulus in inverse proportion to the cube root of the
swelling degree without changing the form of the stress–strain
curves. Following Durning and Morman (1993), the shear modulus
of the swollen rubber ls is assumed to be related to that of dry
rubber ld through:
ls ¼ Jns ld ð20Þ
where n > 0 is a material parameter. It follows that the strain
energy function of rubber (per unit of material volume in unswol-
len–unstrained state) due to incompressible mechanical loading
after isotropically swollen is given by Boyce and Arruda (2001):
Table 2
Values of material parameters used in the proposed model.
Parameter Value
Material (soft phase) parameters ld 0.132 MPa
N 28
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ﬃﬃﬃﬃ
N
p
Kch;spbch;spþN ln
bch;sp
sinhbch;sp
 !

ﬃﬃﬃﬃ
N
p
J1=3s bsN ln
bs
sinhbs
 " #
ð21Þ
where
Kch;sp ¼ J1=3s kch;spbch;sp ¼ L1
Kch;spﬃﬃﬃﬃ
N
p
 
bs ¼ L1
J1=3s ﬃﬃﬃﬃ
N
p
 ! ð22Þ
Inserting the expression of Wsp in Eq. (21) to Eq. (17), the engineer-
ing stress relative to swollen-unstrained state is:
bP11 ¼ Jrs vsXld3
ﬃﬃﬃﬃ
N
p
kch;sp
L1 J
1=3
s kch;spﬃﬃﬃﬃ
N
p
 !
km  1
k2m
 !
r ¼ nþ 1=3
ð23Þ
It is to note that in the special case of Treloar (Treloar, 1975), i.e.
when n ¼ 13, we recover the results of Boyce and Arruda (2001).
The above constitutive equation must be complemented with
an evolution equation describing the change in the internal vari-
able v s consistent with the second law of thermodynamics
(Andriyana et al., 2010), more precisely the inequality in Eq. (15).
Since @Wsp
@vs < 0; v s must be an increasing function of maximum
deformation state. Adopting a modiﬁed form of saturation type
of evolution rule as proposed by Qi and Boyce (2004), the evolution
of soft phase domain v s is assumed to follow a non-linear evolution
equation below:
_v s ¼ Aðvss  v sÞ
ﬃﬃﬃﬃ
N
p
 1ﬃﬃﬃﬃ
N
p
 kmaxch;sp
 2 _kmaxch;sp ð24aÞ
_kmaxch;sp ¼
0 if kch;sp < k
max
ch;sp
_kmaxch;sp if kch;sp ¼ kmaxch;sp
(
ð24bÞ
In the above expression, kmaxch;sp is the maximum value of ampliﬁed
mechanical chain stretch kch;sp during the loading history. A is aFig. 4. Evolution of initial volume fraction of soft domain (left)
Table 1
Summary of material parameters required in the proposed model.
Material (soft phase) parameters ld N –
Softening parameters vso vss A
Swelling effect parameter n – –material parameter and v ss is the theoretical maximum value of
vs. Integrating Eq. (24), the evolution equation can be recast to:
vs ¼ v ss  v ss  v soð Þ exp A 1
ﬃﬃﬃﬃ
N
p
 1ﬃﬃﬃﬃ
N
p
 kmaxch;sp
 !" #
ð25Þ
where vso is the initial soft phase volume fraction. To summarize,
the material parameters that have to be identiﬁed from experimen-
tal data are given in Table 1.
4.2. Determination of material parameters
In the following, the identiﬁcation of the material parameters of
the proposed model is described. First, it is necessary to determine
the parameters corresponding to dry rubber. The properties of the
soft domain in dry rubber can be obtained by considering the last
unloading curve in Fig. 2(a), i.e. at kmax ¼ 5. Since additional soften-
ing is expected to occur if the dry rubber was strained beyond
k ¼ 5, the volume fraction of soft domain at this point is estimated
to be v s kmax ¼ 5ð Þ  0:90. Using this value, the parameters ld and N
are estimated to be ld ¼ 0:132 MPa and N ¼ 28. Next, by ﬁtting
simultaneously the primary curve (monotonic tensile) and unload-
ing curves, the following softening parameters are obtained:
vso ¼ 0:32; vss ¼ 0:92 and A ¼ 0:45.
For swollen rubbers, in order to capture the effect of swelling on
the softening (as clearly shown in Figs. 1 and 2), the dependence of
parameters v so;v ss and A on the degree of swelling Js must be
examined. For the sake of simplicity, it is assumed here that swell-
ing only affects the initial available soft phase domain v so and
parameter A. The parameter v ss being independent of the degree
of swelling. More precisely, swelling reduces the initial hard phase
domain available to be converted into the soft phase domainand parameter A as a function of degree of swelling (right).
Softening parameters vso;d 0.32
vss 0.92
Ad 0.45
C1 0.2
C2 0.018
C3 0.22
C4 0.035
Swelling parameter n 2.87
3528 S.Y. Ch’ng et al. / International Journal of Solids and Structures 51 (2014) 3522–3531during deformation process. Indeed, as illustrated in Figs. 1 and 2,
stress-softening decreases with the increase in swelling. Conse-
quently, the initial soft phase volume fraction v so is an increasing
function of the degree of swelling. For each degree of swelling,
by ﬁtting simultaneously the primary and unloading curves in
Fig. 2(a)–(c), we obtain: v so Js ¼ 1:03ð Þ ¼ 0:48; v so Js ¼ 1:08ð Þ ¼
0:52; A Js ¼ 1:03ð Þ ¼ 0:58; A Js ¼ 1:08ð Þ ¼ 0:65 and n ¼ 2:87. In
Fig. 4, the dependence of v so and A on Js is depicted. It appears that
the corresponding dependence can be described by the following
exponential-like function:
v so Jsð Þ ¼ v so;d þ C1 1 exp 
Js  1
C2
  	
A Jsð Þ ¼ Ad þ C3 1 exp 
Js  1
C4
  	 ð26Þ
where v so;d is the initial volume fraction of the soft phase in dry
rubber and Ad is the value of A for dry rubber. C1 ¼ 0:21; C2 ¼
0:018; C3 ¼ 0:22 and C4 ¼ 0:035 are additional parameters
obtained by ﬁtting the points in Fig. 4. Finally, the obtained material
parameters are tabulated in Table 2.
Remark 3. The value of tsðkmax ¼ 5Þ is set to 0.9 based on the
following considerations:
1. kmax ¼ 5 is close to the strain at fracture of kf ¼ 6. Even if ts has
no direct link to fracture phenomenon, it motivates the
consideration that tsðkmax ¼ 5Þ should be close to unity.Fig. 5. Comparison between the proposed model and treated experimental data: (a) dry r
phase as a function of maximum mechanical stretch. For swollen rubbers, the engineeri2. If tsðkmax ¼ 5Þ is set to another value close to unity such as 0.8 or
0.7, we found that it does not affect signiﬁcantly the value of
other parameters. However, the model ﬁts best with experi-
mental data when tsðkmax ¼ 5Þ is set to be 0.9.4.3. Comparison to experimental data
The comparisons between the results of the proposed model
and treated experimental data are presented in Fig. 5. In general,
it is observed that the proposed model shows good agreement with
experimental data. The primary curves for dry and swollen rubbers
are well-captured. Although there are slight discrepancies during
the secondary curve at lower stretch for the dry one but the dis-
crepancies are acceptable and reduce as the stretch increases. As
for the swollen rubbers, both primary and secondary curves are
well described by the proposed model. Moreover, the dependence
of the stress-softening on the swelling level is well-described:
smaller softening is observed for higher degree of swelling.4.4. Simulation for other deformation modes
In order to simulate the response of the model under multiaxial
loading conditions, two deformation modes are considered: equi-
biaxial extension and planar extension. In these two cases, the gov-
erning equations needed are summarized below:ubber, (b) Js ¼ 1:03, (c) Js ¼ 1:08 and (d) evolution of effective volume fraction of soft
ng stress is expressed with respect to swollen-unstrained state.
Fig. 6. Model response under planar extension: (a) dry rubber, (b) Js ¼ 1:03, (c) Js ¼ 1:08 and (d) evolution of effective volume fraction of soft phase. For swollen rubbers, the
engineering stress is expressed with respect to swollen-unstrained state.
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bP11 ¼ Jrs vsXld3
ﬃﬃﬃﬃ
N
p
kch;sp
L1 J
1=3
s kch;spﬃﬃﬃﬃ
N
p
 !
km  1
k3m
 !
kch;sp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X k2ch  1

 þ 1q
kch ¼
ﬃﬃﬃﬃﬃﬃﬃ
I1m
3
r
I1m ¼ k2m þ
1
k2m
þ 1
ð27ÞEquibiaxial extension
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3
r
I1m ¼ 2k2m þ
1
k4m
ð28Þ
The model behaviors under planar extension and equibiaxial exten-
sion are illustrated in Figs. 6 and 7. In each ﬁgure, the effect ofswelling on macroscopic mechanical response is clearly shown.
Indeed, lower stress level is recorded for higher degree of swelling.
Moreover, smaller stress-softening is observed when the degree of
swelling increases.
The evolution of effective volume fraction of soft phase appears
to be dependent on the deformation modes. Indeed, for a given
degree of swelling, greatest amount of softening is found in the
case of equibiaxial extension than that in planar extension and in
uniaxial extension. The corresponding observation can be related
to the amount of chain stretch kch: for a given strain level, the
resulting chain stretch due to equibiaxial extension is the greatest.5. Conclusions
In this work, a simple model to capture the stress-softening due
to Mullins effect in dry and swollen rubbers under cyclic loading
has been proposed. For this purpose, the phenomenological
approaches of Mullins and Tobin (1957) and Qi and Boyce (2004)
for stress-softening were considered and extended in order to
account for the effect of swelling. The two models were based on
the concept of hard-to-soft phase conversion with deformation
along with the local ampliﬁed strain.
In order to probe the effect of swelling on stress-softening
under cyclic loading, a set of experiments were conducted. It is
shown that Mullins effect becomes smaller with the increase of
Fig. 7. Model response under equibiaxial extension: (a) dry rubber, (b) Js ¼ 1:03, (c) Js ¼ 1:08 and (d) evolution of effective volume fraction of soft phase. For swollen rubbers,
the engineering stress is expressed with respect to swollen-unstrained state.
3530 S.Y. Ch’ng et al. / International Journal of Solids and Structures 51 (2014) 3522–3531swelling. Motivated by this observation, it was assumed that the
initial available hard phase decreases (initial soft phase increases)
with the increase of the degree of swelling. The conversion rate of
hard phase into soft phase during deformation is assumed to fol-
low a non-linear saturation evolution rule. The dependence of
material shear modulus on swelling was described using the
approach of Durning and Morman (1993). The efﬁciency of the pro-
posed model was assessed. It was found that the proposed model is
in good agreement with experimental data.Acknowledgments
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